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Observations of the Equatorial  Ionosphere using Incoherent B c k s c a t t e r  

Donald T .  Farley, Jr. 

Jicamarca Radar Observatory, Apartado 3747, Lima, Peru 1 

ABSTRACT 

b 

Measurements of e lectron density, e lec t ron  and ion temperature, 

and ionic  composition have been made i n  Peru using the incoherent 

backscatter technique. The paper reports some of the more recent 

r e su l t s ,  par t icu lar ly  those of 1-3 February, 1965. In  the l a t t e r  

period, continuous measurements of e lectron densi ty  were obtained up 

t o  a l t i t u d e s  above 4000 km. Between 3000 and 5000 km, the dens i t ies  

var ied  by about a f ac to r  of two throughout the day. A t  lower heights 

there  was, a t  times, strong evidence of rapid v e r t i c a l  motion. During 

the  day, temperature equilibrium between the ions and electrons pre- 

va i led  above about 400 km, but  T /Ti reached values approaching three 

a t  lower heights.  

night .  A l imited number of measurements of the ionic camposition show 

no evidence of He ions during the day, and the  0 and H dens i t ies  

become equal a t  about 900 km. During the  night,  however, He does 

appear t o  be present i n  s ign i f icant  amounts, and the r e l a t ive  concen- 

t r a t i o n  of O+ drops t o  5 6  a t  about 700 km. 

e 
Equilibrium appeared t o  e x i s t  a t  a l l  heights a t  

+ + + 
+ 

'A cooperative project  of the Central Radio Propagation Laboratory, 
National Bureau 05 Standards,,in Boulder, Colorado, and the I n s t i t u t o  
Geefisice d e l  Em, Lis&, Rm. 



5 .  

1. Introduction 

t 

" 

c 

The technique of using incoherent sca t te r ing  of radio waves by free 

e lec t rons  t o  study the upper ionosphere is now qui te  well known. 

of the details of the h i s t o r i c a l  development of t h i s  technique w e r e  giv- 

en by Evans a t  this  conference two years ago, and so we shall not repeat 

them here. 

studying the topside of the ionosphere, a region inaccessible t o  the con- 

vent ional  ionosonde . 
geographic coverage of the region from h t o  about 1000 km, but  very 

limited time coverage; i n  contrast ,  incoherent sca t te r ing  measurements 

can provide complete time coverage (in some cases t o  a l t i t udes  far beyond 

1000 km) a t  one location. Thus the two techniques nicely complement each 

other .  

Most 

1 

Incoherent sca t te r ing  i s  a par t icu lar ly  useful  t o o l  f o r  

Satell i te-borne topside sounders provide wide 

max 

The Jicamarca Radar Observatory is located near Lima, Peru at  2' 

north geomagnetic l a t i t ude .  The radar t ransmi t te r  has a peak power of 

5x10 watts a t  a frequency of 49.92 Mc/s; the antenna consis ts  of an 

a r ray  of 9,216 pa i rs  of crossed half-wave dipoles having an area of 
4 2  8 .4~10  m . 

from a l t i t u d e s  of about 150 km up t o  a l t i t u d e s  beyond one earth radius.  

ber of authors 2-13 and is now qui te  well  understood. 

shall  only mention those aspects of t h e  theory which are closely related 

t o  results obtained a t  Jicamarca. I n  the following sect ions of t h i s  p&- 

per, we shall describe briefly the various measurement techniques used 
a t  Jicamarca and then go on t o  discuss the r e s u l t s  obtained t o  date. 

6 

The large antenna and powerful t ransmi t te r  allow measurements 

The theory of incoherent sca t te r ing  has been investigated by a num- 

In  t h i s  paper, we 

2. Description o f  Measurements 

The s igna l  returned from the  ionosphere by incoherent sca t te r ing  

is af fec ted  by the ionosphere in  three d i s t i n c t  ways. Thus three differ-  

e n t  types of measurement can be made, each of which gives independent 

information about the charac te r i s t ics  of the ionosphere. I n  simplest 

terms, the three charac te r i s t ics  of the received s igna l  which can be 
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observed are the  power, polarization, and frequency spectrum. The power 

is  a function of the electron t o  ion temperature r a t i o  T /T t he  rate of 
ro t a t ion  of t he  plane of polarization of a l i nea r ly  polarized wave (the 

Faraday ro ta t ion)  is  a function of the electron density; and the spectrum 

i s  a f'unction of T Ti, and the  ionic composition. Thus, from simultan- 
eous observations of a l l  the character is t ics  of the s ignal ,  one can, i n  

pr inciple ,  determine the a l t i t u d e  dependence of the electron density,  the 

e lec t ron  and ion temperatures, and the ionic  composition of the ionosphere. 

e i' 

e' 

I n  pract ice ,  we do not measure e i t h e r  the plane of polar izat ion o r  

the frequency spectrum di rec t ly ;  it turns  out t o  be more convenient t o  ob- 

serve equivalent charac te r i s t ics  of the s ignal .  The Faraday ro ta t ion  of 

a l i n e a r l y  polarized wave i s  of course the  r e s u l t  of the s l i g h t l y  d i f f e r -  

e n t  r e f r ac t ive  indices corresponding t o  the two magneto-ionic modes (which, 

a t  our frequency of 50 MC/S, a r e  essent ia l ly  c i rcu lar ly  polarized i n  s p i t e  

of the f a c t  t h a t  our beam i s  directed almost perpendicular t o  the magnetic 

f i e l d ) .  A s  a r e s u l t  of the  s l i gh t ly  d i f f e ren t  ve loc i t i e s  of propagation, 

the  mve i n  one mode  becomes shifted i n  phase w i t h  r e l a t ion  t o  the other  

as it passes through the  ionosphere. It i s  t h i s  phase s h i f t  which we 

measure. Rather than measure the power spectrum of the s ignal ,  we meas- 

ure  the complex time autocorrelation function, which is simply the Fourier 

transform of the power spectrum and contains exactly the same information. 

A. Power Prof i le .  This is conceptually the simplest of the three 

measurements and is the one most used by other workers. The t ransmi t te r  

is  switched a l t e rna te ly  between r ight  and l e f t  hand c i r cu la r  polariza- 

t ion ,  and both polar izat ions a re  received, using l i n e a r  envelope detectors .  

The receiver  channels a r e  switched so t ha t  one channel contains (P + P )2 

while the other contains (P,)", Pn and P being the mean noise and s igna l  

power, respectively.  Generally, twenty thousand o r  more samples are aver- 

age for each of many heights i n  a d i g i t a l  in tegra tor  and tne  data i s  t'nen 

reduced i n  a computer, making use of the r e l a t ion  

1 

1 S n 

S 
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where h i s  the  a l t i t u d e  (h = c t /2  with t being the  time between the  t rans-  

mission and reception of the  pulse), and N is  the  e lec t ron  density.  
Te 

and Ti a r e  the  e lec t ron  and ion temperatures. 

been calculated numerically. I n  many cases f is approximately equal t o  
The function f(Te/Ti) has 

(1 + Te/Ti)-'. However, the  va l id i ty  of t h i s  approximation depends, 

among other  things,  on the or ientat ion of t he  magnetic f i e l d  with respect 

t o  the d i rec t ion  of the  radio beam, and it turns  out that  it cannot be 

used a t  Jicamarca. 

mult ipl ied by an a rb i t r a ry  normalizing constant, is automatically p lo t ted .  

14 I n  the  da ta  reduction process, t he  quantity Nf(Te/Ti), 

2 The values of N/h cover a range of about 5 orders of magnitude i n  the 
region extending up t o  10,000 k m .  

f i l e  of e lec t ron  densi ty  up t o  such heights, it is necessary t o  f i t  to-  

gether  two or  three p ro f i l e s  taken with d i f f e ren t  pulse lengths.  Fortun- 
ately, a t  the  high a l t i t u d e s  where long pulses (5 m s  is the  longest pulse 

used so far)  are necessary because of t he  very w e a k  echo, the  ionosphere 

changes very slowly, w i t h  a scale  height which is much g rea t e r  than the  

pulse length.  

Consequently, t o  obtain a complete pro- 

The problem of detect ion i s  a c r i t i c a l  one f o r  the  power measure- 

Troubles with gain modulation by the varying input s igna l  have ments. 

been experienced with the bes t  available square l a w  detectors ,  and attempts 

t o  improve t h i s  fea ture  have proven t o  be only p a r t i a l l y  e f fec t ive .  A 

f 'urther problem a r i s e s  from small var ia t ions i n  receiver  gain.  Although 

each rece iver  is switched between the two channels, it is  possible t o  have 

a small change i n  gain, d(h), t h a t  a f fec ts  only one channel. 

i a t i o n  w i l l  cause a f r ac t iona l  e r ro r  i n  the measurement of Ps of the order 

of (Pn/Ps)b, which could be very large a t  grea t  a l t i t u d e s .  A similar var- 

i a t i o n  that a f f e c t s  both channels equally ( the usual  case) w i l l  produce 

only a small e r r o r  of the order of 6 .  

a l i n e a r  one, a t r a n s i s t o r  vers ian of the SG-called " in f in i t e  bpedance" 

detector ,  i n  which we have employed more than the  usual  amount of feed- 

back. 

gain modulation required f o r  the  power p ro f i l e  measurements. 

Such a var-  

The de tec tor  present ly  employed i s  

This de tec tor  has given the  l i nea r  dynamic range and freedom from 

B. Faraday Rotation Prof i le .  To obtain a Faraday p ro f i l e ,  we t r ans -  

m i t  l e f t  and r i g h t  hand c i r cu la r ly  polarized pulses simultaneously and 

-4 - 



e 

a l s o  receive both polar izat ions simultaneously, using synchronous de- 

t e c t o r s  t o  obtain the  r e a l  and imaginary components of the  s igna l .  
d i g i t i z i n g  the s igna ls ,  we multiply one component of one of them by both 

components of the other.  It turns  out tha t  it i s  not necessary t o  obtain 

the  other  possible pair of cross products, s ince the information obtained 

is  ident ica l ,  s t a t i s t i c a l l y ,  t o  t ha t  given by the first pair. Neverthe- 

less, it would be usefu l  t o  have the second pair, since it would give us 

twice as many data smples  i n  the same amount of time. Unfortunately, 

our present equipnent can only cmpute two products. After averaging, 

t he  r e su l t i ng  two terms f o r  each height are proportional t o  Ps s i n 4  and 

P cos4, where P is  again the mean sca t te red  s igna l  power and 4 is the 

phase sh i f t  between the two s ignals .  

any noise term as i n  the power prof i le  measurement, because the noise from 

the  two receivers is  uncorrelated and the product w i l l  have an average 

value of zero. 

differences in  receivers,  e tc . ,  and a term which var ies  with height, due 

t o  Faraday ro ta t ion .  We have the well-known re l a t ion  

After 

s S 
It is not necessary t o  subt rac t  out 

The phase s h i f t  4 i s  made up of a constant term, due t o  

d4 - N ( h )  B(h)  cos e(h) 
dh 

o r  

N ( h )  = C(h) - de 
dh 

where B is  the magnetic f i e l d  strength and 8 is the angle between the  beam 

d i r ec t ion  and the magnetic f i e l d .  

be calculated,  i n  pr inciple ,  from a knowledge of B and 0. However, w i t h  8 
so near 90’ (measurements have been made a t  0 = 84.5 
s l i g h t  e r ro r s  i n  the calculated values can lead t o  la rge  e r ro r s  i n  C(h). 

It has turned out t o  be more p rac t i ca l  t o  compare Faraday p ro f i l e s  and 

ionograms t o  ge t  a value of C a t  h and then t o  compare Faraday and 

power prof i les  a t  times and a l t i t udes  where T /T. is  uni ty ,  t o  obtain the 

va r i a t ion  of C w i t h  h. 

pendent of height, at least t o  a l t i t udes  of the order of 700 km o r  so. 

Apparently, increases i n  cosemore o r  l e s s  cancel decreases i n  B over the 

The constant of proport ional i ty  C ( h )  can 

0 0 and 8 = 87.1 ), 

max’ 
e 1  

Conveniently f o r  us, C seems t o  be nearly inde- 
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height range 200-700 km. 

throughout the  day between the  values of N max 
and those obtained from Faraday prof i les ,  even when h 

range of 200 kms. 

Our present data  shows very good agreement 

obtained from ionograms 

var ies  Over a max 

The reduction of the data  t o  obtain p ro f i l e s  is done on-line with a 

computer. From the  values of Ps s i n $  and P 

multiply by the constant C t o  f ind  the electron density.  

t h a t  we can handle the data d i f fe ren t ly .  

the  squares of the two terms gives us P 

as i n  the case of the power prof i le .  However, during the day, when the 

t o t a l  e lectron content of the ionosphere is high, the "Faraday power pro- 

f i l e "  i s  sometimes d is tor ted  because of Faraday dispersion e f f e c t s  due t o  

the  f i n i t e  width (about 1') of the antenna beam. 

ro t a t ion  across the  beam causes destruct ive interference of complex cor- 

r e l a t i o n  coeff ic ient  terms from d i f f e ren t  parts of the beam, and so the 

power apparently received from a given height is  reduced by an amount 

dependent upon the t o t a l  e lectron content below t h a t  height. 

night ,  t h i s  problem is not ser ious,  and the  two types of power p ro f i l e s  

agree w e l l  with each other .  

f i l e  obtained by d i f f e ren t i a t ing  the Faraday ro ta t ion  ( the "Faraday angle 

p ro f i l e " )  over the e n t i r e  range of the lat ter.  

a constant (presumably uni ty)  throughout the  ionosphere a t  night ,  at  the  

equator. 

cos$, we calculate  d$/dh and 

It may be noted 
S 

The square root of the sum of 
which can now be t r ea t ed  exact ly  

S' 

The var ia t ion  of Faraday 

During the  

They a l so  agree w e l l  a t  night with the pro- 

This implies t h a t  Te/Ti is 

During the day, the power prof i les  are normalized by f i t t i n g  them t o  

the Faraday angle p ro f i l e  on the top s ide  of the ionosphere. Except near 

sunrise ,  the  p ro f i l e s  f i t  w e l l  above about 400 km. Measurements of the 

autocorrelat ion function confirm tha t  Te/Ti has indeed dropped t o  uni ty  

a t  t h i s  height.  Thus we have considerable confidence i n  t h i s  method of 

f i t t i n g  the curves on the t o p  s ide.  

gives a value smaller than the Faraday angle measurement, implying t h a t  

Te/Ti is  grea te r  than one. By comparing the  two values, one can de ter -  

mine Te/Ti . Occasional comparisons with autocorrelat ion function meas - 
urements have confirmed the  values of T /T. obtained. 

Below h-, the  power measurement 

A t  times, usual ly  e 1  

-6- 



a t  night ,  it i s  not possible t o  obtain N from ionograms because of max 
interference from spread-F echoes or because of very low electron den- 
s i t ies .  In  many cases, however, it is s t i l l  possible t o  obtain electron 

dens i t i e s  over a t  least a limited height range from the Faraday ro ta t ion  

measurement, thus allowing the power p ro f i l e s  t o  be normalized. We have 

succeeded i n  measuring an N as l o w  as 1 .65~10  /c.c. i n  th i s  way, even 

though t h i s  density corresponds t o  a phase ro ta t ion  rate of only about .bo 
i n  20 k m  of p t h  length (a 10 km height i n t e rva l ) .  

is  that ,  f o r  the Jicamarca location, the operating frequency of 50 Mc/s 
has for tu i tous ly  turned out t o  be f a i r l y  optimum. If the operating fre- 

quency were much higher, there would be s o  l i t t l e  ro ta t ion  that it would 

be d i f f i c u l t  t o  measure accurately.  

t he re  would be s o  much ro ta t ion  during the day t h a t  e would have serious 

convolution problems, s ince the  Faraday angle would ro ta te  through several  

radians in  a height i n t e rva l  comparable t o  the pulse length. A t  J icamrca ,  

w i t h  the antenna beam directed 3' away from normal t o  the magnetic field, 

the maximum rate of phase ro ta t ion  is almost one radian i n  a twenty k i lo -  

meter height i n t e rva l  (a f o r t y  kilometer round t r i p  path) f o r  an electron 

densi ty  of 10 /c.c. 

4 
max 

A point worth mentioning in  connection w i t h  the Faraday measurement 

If the frequency were much lower, 

6 

C.  Autocorrelation Function Measurement. The measurement of the auto- 

cor re la t ion  function i s  p rac t i ca l ly  the  same as the measurement of the 

Faraday rotat ion.  In  t h i s  case, however, the  transmitted r igh t  and l e f t  

hand c i rcu lar ly  polarized pulses are separated by a t i m e  delay A t ,  and, i n  

the mult ipl icat ion of the received signals,  a similar delay is  inser ted i n  

the appropriate channel. The resu l t s  obtained f o r  each height are then 

V s ( t )  Vs (t + A t )  s i n 4  and V s ( t )  Vs* (t + A t )  cos4 rather than Ps s i n 9  
* 

2 
2nd F c o s 9  (I) = \ Y s ( t , ) l  the resiul% f o r  At equals zero). These meas- 

urements are made f o r  several time delays (including zero) a t  each height, 

each value o f A t  corresponding t o  one point on the autocorrelat ion function 

curve. 

S S 
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Ti, and the  percentage composition of the posi t ive 
Te 7 

I n  pr inciple ,  

ions i n  the  ionosphere can be determined from the  autocorrelation func- 

t i o n .  The theo re t i ca l  curves, however, show t h a t  i n  many cases it would 
be very d i f f i c u l t  t o  separate the  e f fec ts  of a change i n  composition from 

those due t o  changes i n  Te/Ti13. This d i f f i cu l ty ,  of course, was one of 
t h e  main reasons f o r  developing the  Faraday measurement i n  the  first 

place, since a comparison of a Faraday angle p ro f i l e  and a power p ro f i l e  

gives an independent determination of  T /T . 
from measurements so  far obtained t h a t ,  a t  least a t  the equator, changes 
i n  T /T. and composition do not occur i n  the same range of height t o  any e 1  
grea t  extent .  

generally uni ty  above about 400 km, whereas the ion composition does not 

begin t o  d i f f e r  from pure 0 

Fortunately, it appears e i  

With the possible exception of the  sunrise period, Te/Ti is 

+ 
u n t i l  the a l t i t u d e  is somewhat grea te r .  

3. Recent Results and Discussion 

Prof i les  of the  electron density have been obtained a t  Jicamarca 

s ince 196215. 

ment, these ea r ly  measurements were made a t  ra ther  i r regular  and widely- 

spaced in te rva ls .  Only recently has it been possible t o  adopt a reason- 

ably regular schedule, and even now t h i s  is  subject t o  interrupt ions.  

Since May, 1964, we have been observing f o r  a continuous period of the 

order of forty-eight hours about once every four t o  e ight  weeks. 

i n t e r v a l  between runs w i l l  hopefully be s h o r t e r i n  the future .  

However, due t o  construction and m d i f i c a t i o n  of equip- 

The 

I n  t h i s  paper, we s h a l l  concentrate our a t ten t ion  mainly on the  more 

recent data,  i n  par t icu lar  on those of February, 1965, which a re  the  most 

extensive and r e l i ab le  obtained t o  date. A l l  t h e  da ta  presented here 

correspond t o  quie t  magnetic conditions. 
4 

A. Electron Density. Figures 1-6 show some typ ica l  contour p lo t s  

of e lec t ron  density as a function of a l t i t u d e  and l o c a l  time. 

f o r  regions i n  which the  contours close, t h e  p lo ts  w e r e  made by simply 

connecting the data  points w i t h  s t r a igh t  l i nes .  Thus the  smoothness, o r  

lack thereof,  of t h e  curves gives a rough idea of the  uncertainty of the  

p lo t ted  values. These uncertaint ies  i n  height na tura l ly  become large a t  

Except 
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a l t i t u d e s  above 1000 km where the  scale height of the ionosphere becomes 

very grea t .  

dens i ty  may be large,  even though the uncertainty i n  e lectron density f o r  

a given height i s  small. Generally the  p ro f i l e s  from which these contour 

p lo t s  were made extend w e l l  beyond the l i m i t  of the contour plots ,  usually 
t o  a t  least 2000 km. 

The uncertainty in  the height corresponding t o  given electron 

The times and regions i n  which spread-F in te r fe red  with the measure- 

ments are roughly indicated by the  shaded areas. 

t o  estimate the  height limits of  the spread-F, these limits a re  indicated 

by a smooth boundary of the  shaded area. 

indicates  t h a t  the  boundary could not be determined. 

could frequently be estimated from examining power prof i les ,  even when 
these prof i les  could not be normalized t o  obtain electron dens i t ies .  

Where it w a s  possible 

A jagged edge, on the  other  hand, 

The upper boundary 

\ 

These contour p lo ts  i l l u s t r a t e  w i t h  pa r t i cu la r  c l a r i t y  the  very 

rapid build-up of the ionosphere a f t e r  sunrise,  the frequently f a i r l y  

s t a b l e  conditions in  the  middle of the day and early evening, and the  

of ten almost complete disappearance of the F region j u s t  before dawn, a t  
4 which time Nmax sometimes fa l l s  t o  values of the  order of 10 /c.c. 

sphere is f a i r l y  w e l l  behaved; there are no r ea l ly  v io len t  v e r t i c a l  mo- 

t i ons  apparent, with the possible exception of the  f a i r l y  rapid rise of 

I n  the  September and October data shown i n  Figures 1-3, the  iono- 

between 0900 and 1000 on 16 October. The contours f o r  these days 

are qui te  smooth and i n  most cases there  is c l ea r  evidence of a l ag  of 

seve ra l  hours between the build-up of the F region i n  the neighborhood 

of 400-500 km and the build-up near 1000 km. 

May and July, 1964, showed very similar behavior. 

hmax 

Ear l i e r  measurements i n  

I n  the  November data shown i n  Figure 4, we can see evidence of sub- 

s t a n t i a l  v e r t i c a l  d r i f t  motions, i n  pa r t i cu la r  t he  rapid rise of h 

during the period 2100-2?00 on 18 SqtemSer. 

s i t y  a t  and below h is  decaying f a i r l y  rapidly i n  t h i s  in te rva l ,  bu t  

a t  a l t i t u d e s  above 500 km, where the densi ty  had been diminishing pre- 

vious t o  t h i s  t i m e ,  the  densi ty  remains constant o r  increases. This in -  

crease tends t o  be grea te r  and somewhat more delayed a t  t h e  higher heights .  

max 
Note t h a t  t he  electron den- 

m a x  
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The behavior of the  top  side of  t he  ionosphere often tends t o  be 

more regular than t h a t  of Nma. 
densi ty  a t  500 km occurred i n  the v ic in i ty  of 1100-1200 hours, with the  

m a x i m  a t  1000 km coming two o r  three hours later. 
highest  value even la ter  than t h i s ,  however, a t  a time when both the  top  

s ide  and the bottom side of the ionosphere a re  decaying. 

implication of t h i s  behavior i s  tha t  subs tan t ia l  t ransport  along the  mag- 

n e t i c  f i e l d  l i nes  is  occurring on the top  s ide.  

On both days in  November, the maximm 

reaches i t s  Nmax 

An important 

The e f f ec t s  of v e r t i c a l  motion are dramatically apparent i n  t h e  data  

of 1-3 February, 1965, shown i n  Figures 5 and 6. In  Figure 5 we have 
p lo t ted  the  contours f o r  the  whole period i n  order t o  show the marked 

s imi l a r i t y  of the  three days. 

curves is  repeated t o  a remarkable degree. Note the  considerable e f f e c t  

on t h e  contours of the  sharp rises in  h which end at  1930 and 2300 

hours on both 1 and 2 February. 

February and causes a sharp reversal  i n  the  decay of the  t o p  s ide.  A s  i n  

the  other examples given e a r l i e r ,  t h e  e f f e c t  of t h i s  rise appears t o  pro- 

pagate upwards, requiring about t w o  hours t o  reach the  highest  heights 

shown. 

Almost  every important feature  of t h e  

m a x  
The e f f e c t  i s  more pronounced on 2 

Another ra ther  spectacular v e r t i c a l  motion, i n  t h i s  case downwards, 

can be seen from the contours t o  take place between 0000 and 0200 on 3 
February. In  t h i s  period, the ionosphere plunges down nearly 200 km 

without any appreciable change i n  N 

other than a s l i g h t  compression. This rapid drop can be seen more 

c l ea r ly  from the  ac tua l  prof i les ,  shown i n  Figure 7. 
is  included t o  i l l u s t r a t e  the rapid predawn decay of the  F region, once 

it reaches a low a l t i t ude .  Each curve corresponds t o  a time period of 

10-15 minutes beginning with the time l i s t e d .  

and very l i t t l e  change i n  shape max 

The p ro f i l e  of 0323 

i n  Tebruary, we were qui te  successful i n  obtaining good measurements 

of e lec t ron  density t o  a l t i t udes  of severa l  thousand kilometers through- 

out t he  period of observation. 

one 24-hour period are shown i n  Figure 8. 
p ro f i l e s  taken a t  nearly iden t i ca l  times on three successive days. 

S i x  t y p i c a l  p rof i les  spaced throughout 

In  Figure 9 are  shown three 

The 
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r e s u l t s  can be seen t o  be remarkably consistent.  Each p ro f i l e  i n  

these two f igures  w a s  constructed by f i t t i n g  together a Faraday p ro f i l e  

and two o r  three power prof i les .  

sponding t o  each curve i s  the  time a t  which the integrat ion f o r  the 

Faraday p ro f i l e  was s t a r t ed .  

of measurements required f o r  each prof i le  was generally between 40 and 

60 minutes. 

The time given i n  t h e  f igures  corre- 

The t o t a l  integrat ion time f o r  the series 

.- The accuracy of the  daytime prof i les  is estimated t o  vary between 

roughly - + 2$ near hm and perhaps - c 20$ a t  a l t i t udes  above 4000 km. 

ta ined from Faraday prof i les  and ionograms is  very good, when the electron 

' A s  mentioned before, the de ta i led  agreement between values of N ob- max 

densi ty  is  su f f i c i en t ly  high (greater than, say, 10 5 /e...). A t  high al-  

t i t udes ,  the  accuracy na tura l ly  decreases because of the  decreasing s igna l  

t o  noise r a t i o .  Additional small errors  are introduced a t  each point 

where two curves are f i t t e d  together t o  form the  f i n a l  p ro f i l e .  The 

l a r g e s t  sources of e r ro r  a t  the greatest  heights, however, are usual ly  

minute var ia t ions i n  the  receiving system charac te r i s t ics  and/or noise 

leakage from the t ransmit ter .  These var ia t ions  are only troublesome if 

they a re  synchronized with the transmitted pulses, which is  most l i k e l y  

t o  occur when long pulse lengths, such as 5 ms, are used. To a very large 

extent,  these e f f ec t s  have been eliminated, but w i t h  t he  roughly 30 db of 

in tegra t ion  used a t  the  extreme a l t i tudes ,  even very small residual  e f f e c t s  

become important. These small residuals are s t ead i ly  being reduced, which 

should allow us t o  reach considerably higher heights i n  the  future .  

I n  the  ear ly  morning, before sunrise, when the  F region has prac t i -  

ca l ly  disappeared, t he  main problem has generally been in  no rml i z ing  

the p ro f i l e s .  The re l a t ive  accuracy of t he  power p ro f i l e s  i s  s t i l l  qui te  

good, bu t  the Faraday angle p ro f i l e  becomes very noisy. Frequently, iono- 

sonde records are not avai lable  i n  th i s  period, e i t h e r  because of mild 

spread-F o r  because of the extremely low values of foF2, and so  the 

Faraday prof i les  must be used. The prof i le  taken a t  0428 on 3 February 

i n  Figure 8 is a good example. Here N- was measured by Faraday ro ta t ion  

t o  be only 1 . 6 5 ~ 1 0  /c.c. corresponding t o  an foF2 only s l i g h t l y  abwe 

1 Mc/s and a phase ro ta t ion  of only about four degrees i n  a 100 km height 

4 
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i n t e rva l .  

+ 2 6 ,  although the r e l a t ive  accuracy of the shape of the p ro f i l e  is much 

better.  

In  t h i s  case, the  whole p ro f i l e  is probably accurate t o  only 

- 

It is in te res t ing  t o  note that ,  a t  t h i s  time, the minimum density 

f o r  the whole p ro f i l e  occurs at an a l t i t ude  of about 500 km. 

occasions, we have observed that even the small vest ige of an F region 

s t i l l  apparent on t h i s  prof i le  disappears en t i r e ly  j u s t  before sunrise;  

the densi ty  is nearly constant i n  and above the F region and there  is  no 

discernible  N-. 

selected heights up t o  4000 kilometers throughout the  period of the 

February observations. 

densi ty  changes very slowly wi th  height a t  3000 km and above. 

imizes a t  about 1700 hours and reaches a minimum somewhat a f t e r  midnight. 

The change in  densi ty  from m a x i m u m  t o  minimum is only about a f ac to r  of 

two. 

On some 

Unfortunately, these prof i les  could not be normalized. 

I n  Figure 10, we have shown the var ia t ion  of e lectron density a t  

A s  we have a l s o  seen from other f igures ,  the 

It max-  

Several  aspects of the behavior of the ionosphere mentioned i n  con- 

nection w i t h  earlier f igures  a re  even more c lear ly  apparent i n  Figure 10. 

W e  note, f o r  instance, the  great  s imi la r i ty  of the three days, the of ten 

marked difference i n  behavior between N and values of N a t  a constant 

height, the time l a g  between peaks a t  successive heights, and the occas- 

ional  sharp increases and decreases i n  N and N associated w i t h  
500 700 

rising or  f a l l i n g  values of h . It is  c l ea r  t h a t  t ransport  e f f e c t s  are 
a very important f ac to r  i n  the equator ia l  ionosphere. 

w i t h  various whistler observations reviewed by Carpenter and Smith." The 

range of dens i t ies  observed a t  Jicamarca at  5000 km is seen t o  agree qui te  

w e l l  w i t h  the whistler observations, although perhaps t h i s  agreement is 

somewhat for tui tous since most of the  whist ler  observations were made in  

1962 o r  earlier. 

m&x 

max 

I n  Figure 11, we have compared the high a l t i t u d e  r e s u l t s  of February 

B. Measurements of T /Ti. Figure 12 shows the var ia t ion  of T /T e e i  
during the February observations. 

mined by comparing Faraday ro ta t ion  and power prof i les .  

These values of Te/Ti were a l l  deter- 

No measurements 
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of t h e  autocorrelat ion f'unction were made during th i s  period because of 

d i f f i c u l t i e s  with the equipment. The accuracy of the values of T /T 
is  estimated t o  be about + .2. The consistency of the r e su l t s  from day 

t o  day is not as  good as tha t  of the e lectron densi ty  measurements. 

may be a r e a l  e f f e c t ,  but more probably it r e f l e c t s  uncer ta in t ies  i n  the 

measurements. m c h  of the uncertainty a r i s e s  from small e r ro r s  i n  f i t t i n g  

Faraday and power p ro f i l e s  together on the  top  s ide of the ionosphere. 
S l igh t  e r ro r s  i n  the p ro f i l e s  or s l i gh t  changes i n  the ionosphere during 

the  period between two measurements can lead t o  s m a l l  e r ro r s  i n  normali- 
zation. These e r ro r s  generally do not a l t e r  the values of e lectron den- 
s i t i e s  s ign i f i can t ly  but can cause appreciable e r ro r s  i n  the determination 

e i  
- 

This 

of T,/T~. 

These r e su l t s  a r e  reasonably typ ica l  of r e s u l t s  obtained i n  e a r l i e r  

months, although i n  t h i s  case, non-equilibrium extends t o  somewhat grea t -  

e r  heights than observed previously. Nevertheless, it appears c l ea r  that 

a t  the equator, non-equilibrium does not extend t o  heights nearly as grea t  

as those observed a t  temperate l a t i t udes .  l7 There is evidence that ,  dur- 
ing sunrise ,  the values of Te/Ti a r e  subs tan t ia l ly  higher than those of 

Figure 12, and tha t  non-equilibrium extends t o  grea te r  heights.  Measure- 

ments are d i f f i c u l t  t o  make during t h i s  time, however, because of rapidly 

changing conditions and low electron dens i t ies ,  and s o  r e s u l t s  obtained t o  

date must be considered as only preliminary. 

A t yp ica l  ea r ly  morning r e s u l t  f o r  Ju ly  is  shown i n  Figure 13.  The 

s o l i d  and dotted curves are the "Faraday angle" and "Faraday power" pro- 

f i l e s ,  respectively.  The angle measurement gave qui te  noisy r e s u l t s  

above 400 km. 
urement of the autocorrelat ion function made immediately before the 

Faraday measurement. 

cated and thus gave a separation between the  two p ro f i l e s .  

p ro f i l e  was then normalized t o  obta in  t he  best f i t .  

The dotted curve was normalized by making use of a meas- 

The former determined Te/Ti a t  the heights indi-  

The power 

C. Composition Measurements. 

s i t i o n  determinations s o  far obtained. 

these measurements on a regular  basis,  but the curves shown are t y p i c a l  of 

Figures 14 and 1 5  show two of the compo- 

A s  ye t ,  we have not begun t o  make 
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.- 

t h e  r e s u l t s  obtained t o  date .  

f i c a n t  number of helium ions i n  the ionosphere. We could have detected 

any concentration grea te r  than loqd o f  the t o t a l .  During the night,  on 

the other  hand, there  appears t o  be a s igni f icant  amount of helium, as 

indicated on Figure 15. The uncertaint ies  i n  the  night-time measurements 

a r e  s t i l l  qui te  large,  but there  seems t o  be l i t t l e  doubt t ha t  helium was 

observed. 

urements of the autocorrelation function t o  obtain compositions and t e m p e r -  

a tu re s .  Unit1 now, these measurements have been grea t ly  hampered by the 

small capacity of our d i g i t a l  integrator .  This has now been grea t ly  ex- 

panded. 

During the day, we do not f i nd  any s igni -  

In  the future ,  we plan t o  make much more extensive use of meas- 
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Figure Captions 

Figures 1-5. Contours of e lectron density. 
Figure 6. 
Figure 7. 

1 

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11 

Figure 12. 

Figure 13. 
Figure 14. 

Figure 15. 

Part of Figure 5 w i t h  an expanded time scale .  

A s e r i e s  of e lectron density prof i les  i l l u s t r a t i n g  a rapid 

decrease in  the height of the F region. The times l i s t e d  

a r e  the l o c a l  times at which the p ro f i l e  was begun. Each 

measurement required 10-15 minutes. 

A se r i e s  of e lectron density prof i les  taken throughout a 
24-hour period. 

minutes, beginning w i t h  t he  l o c a l  time indicated.  

Three prof i les  of e lectron density taken a t  nearly the same 

t i m e  on three  successive days. 

The var ia t ion  of the electron density a t  a constant height.  

The height, i n  kilometers, corresponding t o  each curve is  

indicated.  The behavior of N- and h are shown f o r  

comparison. 

Comprison of electron dens i t ies  obtained at  Jicamarca with 

those obtained from whistler measurements. This f igure i s  

adapted from Figure 8 of Carpenter and Smith 

The dependence of Te/Ti on a l t i t u d e  and time of day. 

~n ear ly  morning measurement of T,/T~. 

Ionic composition and temperature of the  ionosphere during 

the day. 

Ionic composition and temperature of t he  ionosphere during 

the night.  

Each was taken over a period of 40-60 

max 

16 . 
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